This study evaluates the potential of pseudocomplementary peptide nucleic acids (pcPNAs) for sequence-speci®c modi®cation of enzyme activity towards double-stranded DNA (dsDNA).
INTRODUCTION
There is signi®cant interest in the discovery and development of small molecules (as compared with proteins) that target double-stranded DNA (dsDNA) in a site-selective manner but without serious sequence limitations. Such ligands may yield new robust biomolecular tools, sensitive DNA diagnostics and potent gene therapeutics. For these purposes, dsDNA±ligand complexes have to be suf®ciently stable to compete with DNA-processing proteins. The resistance of a ligand to enzymatic degradation is also often essential to allow ef®cient DNA manipulation. Therefore, ligands are required, which bind dsDNA with (i) high af®nity and (ii) high selectivity also characterized by (iii) suf®cient biostability and (iv) lack of sequence restrictions.
Despite the fact that many natural and non-natural (synthetic and semi-synthetic) dsDNA-binding ligands with groove-speci®c or intercalative modes of complex formation have been identi®ed (1±19), none of them meets all of these four key requirements simultaneously. The only group of ligands that actually comes close to reaching this goal are the minor groove-binding hairpin pyrrole-imidazole polyamides (6, 17) . Notwithstanding signi®cant progress in this ®eld, note that binding af®nity of hairpin polyamides for single-basemismatched sites is reduced`10 2 only, as compared with correct dsDNA targets. Although quite large, this degree of sequence speci®city could be insuf®cient for some applications in vivo and in vitro, especially given the current trends in basic and applied studies to operate with entire genomes and crude samples/unpuri®ed material. Therefore, the search for new ligands with alternative modes of binding to DNA duplexes is of paramount importance.
Peptide nucleic acids (PNAs) are nuclease/proteaseresistant dsDNA-binding ligands that are capable of forming very stable and highly sequence-speci®c helix invasion complexes with target sites on duplex DNA (20±32). They have a unique ability to kinetically discriminate correct versus single-base-mismatched sites by a factor of approximately 10 3 (24±26), thus being promising for different applications ranging from molecular biotechnology to medicinal chemistry (33±40). Recently introduced pseudocomplementary (pc) PNAs are particularly promising for gene targeting as they exhibit rather mild sequence limitations for binding to designated dsDNA sites and also induce site-selective bending in DNA duplexes (29,41±43) .
Along with ordinary Gs and Cs, pcPNAs carry, similar to the pc-type oligonucleotides (44), 2,6-diaminopurine (D) and 2-thiouracil ( s U) nucleobases instead of all As and Ts, respectively. Whereas these modi®cations impede the base pairing between two mutually pseudocomplementary PNA oligomers, they do not prevent pcPNAs from binding to the corresponding sequences in DNA carrying normal nucleobases (29,41±43) . As a result of such pseudocomplementarity between D/ s U-modi®ed PNA oligomers and common DNA strands, a pair of pcPNAs pries a dsDNA site open via formation of double-duplex invasion complexes (Fig. 1) . This novel mode of PNA±DNA recognition signi®cantly extends the sequence repertoire of possible DNA targets, since essentially any chosen mixed-base site on dsDNA can be targeted with pcPNAs, with the exception of very GC-rich (A + T content`40%) sites (29) .
In order to assess the potential of pcPNAs for possible applications involving proteins, one needs to determine whether the pcPNA±dsDNA complexes are suf®ciently stable to prevent DNA-processing proteins from binding to their recognition sites on dsDNA. To this end, Lohse et al. assayed the ability of pcPNA±dsDNA complexes to obstruct the activity of RNA polymerase (29) . They found that pcPNA binding within the promoter region obstructs the initiation of transcription by T7 RNA polymerase. However, pcPNAs bound downstream of the promoter have no effect on the transcription elongation for both T3 and T7 RNA polymerases.
In another study, Izvolsky et al. showed that pcPNA binding to dsDNA ef®ciently blocks the access of common (type II) methylation/restriction enzymes to their recognition sites if the PNA-binding site completely covers or overlaps with the enzyme recognition site (41) . The full protection against Dam methylase at low salt concentration and BclI restriction endonuclease at high salt concentration is achieved when the pcPNA-binding site embodies the enzyme-binding site. For Dam methylase, the limited (~70%) protection is observed when the pcPNA and enzyme-binding sites overlap by 2 bp.
In the present work, we employ the type IIs restriction endonucleases and related DNA-nicking enzymes (45±47) as a test system to further examine pcPNA interference with protein activity on duplex DNA. Generally, these enzymes recognize an asymmetrical sequence and introduce a doublestranded or single-stranded break several bases away from their recognition site (Fig. 1) . We have chosen this system because it provides us with a very simple and clear-cut method for detection of the protein-blocking potential of pcPNAs. Indeed, as a result of pcPNA protection, the chosen DNA sites will not be cut, which can be readily detected by regular gel electrophoresis. In addition, these enzymes make it possible to elucidate the interference of pcPNAs with protein activity on two levels, i.e. at the step of protein binding to its recognition site and at the step of DNA cleavage. Finally, competition of pcPNAs with restriction enzymes can be studied at physiologically relevant salt concentrations.
Speci®cally, we study here the interference of pcPNA± dsDNA complexes with the activity of four type IIs restriction enzymes, including three closely related isoschizomers. We deduce practical rules for effective blockage of the activity of DNA-processing proteins when pcPNAs bind in close proximity to the protein recognition site. Furthermore, a sitespeci®c conversion of DNA cutters into DNA nickases by pcPNA targeting demonstrates the potential of pcPNAs to serve not only as selective blockers but also as modulators of protein activity on duplex DNA.
MATERIALS AND METHODS

Materials
The following pair of pcPNAs has been used in our study: H-Lys-G s UDGD s UCDC s U-LysNH 2 (PNA 1495) and H-Lys-DG s UGD s UC s UDC-LysNH 2 (PNA 1496). PNA concentration in stock solutions was calculated from their optical density measured at 260 nm using the following extinction coef®-cients: 11 700 (G), 10 200 ( s U), 7600 (D) and 6600 (C) M ±1 cm ±1 . These PNAs were synthesized as previously described (29) .
All restriction enzymes were obtained from New England Biolabs and used in the supplemented reaction buffers. Recombinant plasmids carrying the PNA-binding and enzyme recognition sites were obtained by cloning corresponding inserts into the BamHI±HindIII site of the pUC19 polylinker and introducing the plasmids into the Dam ± strain of Escherichia coli (DM1Ô, Gibco-BRL). The plasmid inserts differ in the position of the PNA-binding site with respect to the recognition site of the restriction enzyme. According to our notation, the PNA-binding site is located n bp upstream (pUn series of plasmids) or downstream (pDn series of plasmids) of the enzyme recognition sequence (Fig. 2a) . Note that plasmids carrying the recognition site for PleI, MlyI and N.BstNBI in the polylinker contain three more sites for these enzymes. The plasmid involved in the experiments with the restriction endonuclease BbsI has a single recognition site for this enzyme within the cloned insert.
Analysis of the PNA-directed dsDNA protection from restriction enzymes DNA±PNA complexes were obtained by incubating 20 nmol of PvuII-digested plasmids with both PNAs at a concentration of 0.8 mM in 40 ml of 10 mM TE buffer pH 7.4 for 2 h at 50°C. Such conditions provide the complete binding of pcPNAs to their target sites located within an~350 bp DNA fragment. To monitor the formation of DNA±PNA complexes, the electrophoretic mobility of which is signi®cantly retarded with respect to naked DNA, the samples were resolved on an 8% polyacrylamide gel (PAAG) using 0.5Q TBE as a running buffer (41, 42) . Unbound PNAs were removed by gel ®ltration through Sephadex G-50. About 1 nmol of the sample was introduced into a reaction buffer required for the enzyme activity and subjected to incubation with 3±10 U of the restriction enzyme under study for 40 min at 37°C (optimal time and temperature for quantitative digestion without PNA dissociation).
The DNA digestion by enzymes was stopped by addition of 10 mM EDTA (®nal concentration) and subsequent incubation at 65°C for 20 min. This treatment not only inactivates restriction enzymes but also induces pcPNAs dissociation from DNA targets. The ®nal samples were resolved by electrophoresis in an 8% PAAG with 0.5Q TBE as a running buffer. To enhance the retardation of nicked DNA fragments relative to intact ones, the samples were also run through an 8% PAAG containing 5 M urea (48) . DNA was visualized by ethidium bromide staining and detected using a CCD camera coupled with the IS-1000 digital imaging system/software (Alpha Innotech Corporation). All images are presented as negatives; quantitative estimates of the extent of dsDNA cleavage/nicking were done by measuring the normalized intensities of the corresponding bands.
Analysis of the PNA-induced DNA-nicking activity of restriction enzymes
The scDNA assay. To check the PNA-induced DNA nicking, supercoiled (sc) plasmids were employed because of the wellknown fact that the nicked, open circular dsDNA form has a different electrophoretic mobility in agarose gels as compared with covalently closed scDNA and linear dsDNA. These three DNA forms were resolved by electrophoresis in a 1% agarose gel using 1Q TAE as a running buffer. The conversion of the initial scDNA sample into the open circular form clearly indicates dsDNA nicking.
The nick mapping assay. To localize the DNA-nicking position, 160 bp¯uorescently labeled DNA fragments were generated by PCR from the pD5 template with Taq DNA polymerase (New England Biolabs) using one of the two primers tagged with Cy5 at the 5¢ end. The PNA targeting and restriction digest of these fragments were performed as described above. The ®nal samples were resolved on a 6% denaturing (7 M urea) PAAG run at 50°C using ALF Express DNA sequencer (Amersham Pharmacia Biotech) along with the four common dideoxy sequencing ladders. Sequencing ladders were obtained with the same PCR primers by using the AutoRead 200 sequencing kit (Amersham Pharmacia Biotech). The post-run data analysis was performed with an ALFwin Sequence Analyzer and DNA Fragment Analyzer software (Amersham Pharmacia Biotech).
RESULTS AND DISCUSSION
Blockage of DNA digestion with restriction and nicking enzymes by pcPNA±dsDNA complexes All three isoschizomeric enzymes used in this study, PleI, MlyI and N.BstNBI, recognize the same dsDNA sequence, 5¢-GAGTC, and introduce either a double-stranded (PleI and MlyI) or a single-stranded (N.BstNBI) break 4±5 bp downstream of the enzyme recognition site (Fig. 2b) . Figure 3 shows the results obtained with the PleI endonuclease using Similar results have been obtained with the same set of plasmids in the case of pcPNA interference with the MlyI endonuclease: only the downstream pcPNA targeting is effective in inhibiting this restriction enzyme (data not shown). The expected complete blockage of the MlyI activity is also observed at larger, up to 5 bp downstream, distances between the PNA-binding and enzyme recognition sites. At the same time, uncommon enzymatic activity, i.e. the DNAnicking activity at the remote DNA sites with degenerated enzyme recognition sequences, is detected in these cases with PleI restriction endonuclease (see Table 1 and next section). A partial protection of dsDNA against these enzymes is observed when the PNA-binding site is located 6 bp downstream of the enzyme recognition site. Both enzymes become insensitive to the presence of pcPNAs only when the distance between the corresponding sites reaches 7 bp. Figure 4 presents the results obtained with the N.BstNBI nicking enzyme using gel electrophoresis enhanced by the addition of urea to increase the retardation of nicked DNA (48) . In this experiment, N.BstNBI is ef®ciently inhibited by the pcPNAs binding to dsDNA targets both upstream and downstream of the enzyme recognition site, in contrast to isoschizomeric common restriction enzymes. Note that the downstream PNA targeting strongly interferes with the activity of the N.BstNBI nickase within the 5 bp range from the enzyme recognition site, as was found in the case of MlyI. The DNA nickase becomes insensitive to pcPNAs in this case only when the gap between the corresponding sites reaches 6 bp. In contrast, the enzyme blockage by the upstream PNA targeting is effective at smaller distances between the PNAbinding and enzyme recognition sites: in the case of the 2 bp gap, N.BstNBI remains totally active after pcPNA binding.
The pcPNA-induced conversion of restriction enzymes into DNA nickases
In agreement with recently published results (43), Figure 5a shows that the PleI DNA cleavage activity vanishes upon binding of pcPNA 5 bp downstream of the enzyme recognition site. Obviously, the PNA binding denies the enzyme the access to its cleavage site. Instead, this DNA cutter exhibits PNAinduced DNA-nicking activity, as the PNA-targeted and enzyme-treated DNA fragment moves much more slowly in the gel with urea than the intact fragment (48) . Analogous transformation of PleI into nickase is induced by the pcPNA Cut Cut Cut PleI ± ± * * * * * C u t Cut Cut Cut MlyI ± ± ± ± ± * * C u t Nick ± ± N.BstNBI ± ± ± ± ± Nick Nick *Singly nicked DNA fragment at a site with the degenerate recognition sequence 5¢-TAATC; a minute activity towards the bottom DNA strand is also present at this pseudo-site. **Thirty percent of the fragment is cleaved, while the remaining 70% is singly nicked at the correct site. targeting at 3 and 4 bp downstream of the enzyme recognition site (Fig. 5b) . On the other hand, Figure 5 demonstrates that the PleI-related enzyme, MlyI, remains blocked, as expected, by targeting pcPNA 3±5 bp downstream of the enzymebinding site without displaying any other activity. The position of the PNA-induced PleI-generated nick was determined by a PCR-based mapping assay (see Materials and Methods for details and Fig. 6 as an example of using this assay with the BbsI enzyme). Using this assay, we located the single-stranded DNA break at a position 4 bp downstream of a site with a degenerated enzyme recognition sequence, 5¢-TAATC. Such a pseudo-site was found on all DNA target fragments of the pDn plasmid set~20 bp away from the correct recognition sequence. Other pseudo-sites are also ef®cient in exhibiting the PNA-induced DNA-nicking activity of PleI, which is directed by site-speci®c DNA looping (43) .
In the present work, we decided to test one more approach for the pcPNA-directed conversion of DNA cutters into nickases. To this end, we chose the BbsI endonuclease, which recognizes the 5¢-GAAGAC sequence and cleaves dsDNA nearby, producing a 4 nt 5¢ end overhang (Fig. 6a) . As shown schematically in Figure 6a , we targeted the pcPNA pair to dsDNA in such a way that the PNA±DNA complex overlapped with the cleavage point of BbsI on only one (i.e. bottom) DNA strand. We assumed that in this case the PNA± DNA complex would not prevent the protein from binding to the recognition sequence and would allow the enzyme to cleave the top DNA strand, while the cleavage of the bottom DNA strand would be blocked. As a result, a single-stranded break, or nick, could be formed at a designated dsDNA site with the use of a common restriction enzyme. Such a strategy assumes the sequential, two-step mechanism of the dsDNA cleavage by restriction endonuclease, with DNA ®rst being nicked and then further cut by enzyme to ®nally yield the double-stranded break (49±51).
Indeed, the binding of pcPNAs to the target site within scDNA and its subsequent digestion with the BbsI endonuclease yielded, similar to the action of N.BstNBI nickase, virtually complete conversion of scDNA into a relaxed (nicked) form, with only trace amounts of the linear form (Fig. 6b) . Mapping of the PNA-induced DNA-nicking activity of BbsI in linear dsDNA by the PCR assay con®rmed the effective enzymatic cleavage exclusively of the top DNA strand and at the expected position only (Fig. 6c) . Hence, the site-directed interference of pcPNA±dsDNA complexes with the DNA-cleaving activity of type IIs restriction endonucleases makes it possible to ef®ciently produce the DNA nicks both near the correct enzyme recognition sites (the BbsI case) and at distantly located pseudo-sites (the PleI case). Arti®cial nicking systems designed in this way formally have a recognition speci®city of b16 bp comprised of the enzyme recognition site(s) and the binding site for a pcPNA pair. The enzymes will, however, still create double-stranded cuts at the remaining target sites not protected by PNAs.
General implications for DNA-binding proteins Table 1 summarizes our results on the interference of pcPNAs with the activity of the type IIs restriction enzymes. Obviously, the observed effects cannot be due to the direct inhibition of the enzymatic activity by pcPNAs. Indeed, unbound pcPNAs have been removed using gel ®ltration prior to introduction of the restriction enzyme to the reaction mixture. Also, all enzymes shown in Table 1 cleave DNA when the pcPNA target site is suf®ciently far from the enzyme-binding/restriction sites, e.g. in pU2 and pD7. Our data can be explained only in terms of the protection of the binding sites and/or cleavage sites of the restriction enzymes by bound pcPNAs. As schematically shown in Figure 1 , the pcPNAs binding both downstream (Fig. 1b) and upstream (Fig. 1c) of the enzyme recognition site should interfere with their action. Still, according to our data, the downstream PNA targeting is more effective since in this case the PNA±DNA as assessed by the time of DNA migration through the¯uorescence detector of the DNA sequencer during denaturing polyacrylamide gel electrophoresis. PCR-generated DNA target fragments (peaks at 148 min) carry a single Cy5 tag on the 5¢ end of either the forward (red trace) or reverse (blue trace) strand. In the absence of PNA, the appearance of shorter DNA fragments for both strands (peaks at 83 and 105 min) is consistent with the double-stranded cleavage of target DNA by BbsI. The PNA binding prevents cleavage of the reverse DNA strand, resulting in a nicked DNA product (peak at 83 min).
complexes clash either with the process of enzyme binding or the subsequent DNA cleavage (or both).
Note that upstream pcPNA targeting close to the N.BstNBI recognition site prevents this enzyme from acting, whereas such targeting does not affect PleI and MlyI isoschizomers. In contrast to the N.BstNBI enzyme, the PleI and MlyI enzymes are capable of dimerization in the active state (43,49,52) that could be responsible for their different reaction to the PNA binding (Fig. 1d) . However, it is most likely that the difference in the sensitivity of isoschizomeric enzymes to the proximal upstream PNA targeting may re¯ect the different shape of protein±DNA complexes: nicking enzyme N.BstNBI is somewhat larger than its PleI and MlyI isoschizomers (49, 53) and, therefore, N.BstNBI binding to dsDNA could be more susceptible to closely located steric obstacles, such as a PNA±DNA complex.
Our results clearly demonstrate that the protection of dsDNA against cleavage by type IIs restriction enzymes by pcPNAs can proceed at two levels. First, enzyme inhibition occurs when the pcPNA target site is located in close proximity to the enzyme recognition site. Separation of the pcPNAs target site from the enzyme recognition site makes the protein binding possible but still hinders the DNA cleavage at a corresponding position if the PNA target site overlaps with or is adjacent to the cleavage site (see Table 1 ).
Our data indicate that a substantial distortion of the DNA duplex structure due to the pcPNA invasion is limited to the immediate vicinity of PNA±DNA complexes and does not propagate further than 1 bp from the pcPNA-binding site. This is consistent with our previous observations made for PNA double-duplex and triplex-invasion complexes (41, 54) .
The results of our study strongly support the notion that pcPNAs can generally be used as highly selective universal blockers and modulators of protein activity on duplex DNA. We believe that our present results, along with the previous ®ndings with restriction/methylation enzymes and RNA polymerases (29, 41, 43) , make it quite plausible to assume that binding to DNA of many other proteins involved in regulation and maintenance of DNA functions, such as transcription factors, histones and histone-like proteins, recombinases, helicases and ligases, can also be modulated by using pcPNAs. As compared with pyrimidine PNAs, which have been used successfully for similar purposes (54±58), pcPNAs represent the DNA-binding ligands that can form complexes with a much larger variety of DNA sequences (with the exception of GC-enriched sites), thus signi®cantly extending the range of dsDNA targets suitable for these applications. Along with the single-base mismatch speci®city of pcPNA binding (29, 41, 42) , the single-base accuracy of the pcPNAinduced effects of interference with the DNA-processing enzymes enables the ®ne-tuning of DNA-recognizing/ modifying functions executed by proteins.
